ABSTRACT. Annual tree rings from Thailand were analyzed by radiocarbon AMS for AD 1938AD -1954. The results showed no significant depletion in atmospheric 14 C over Thailand during the pre-bomb period, even though the air mass to Thailand during the growing season of tree rings is transported over a potentially significant source of oceanic 14 C-depleted CO 2 , outgassing in the northern Indian Ocean. When compared with Washington and Chile for different periods from the 17th century to AD 1954, Thailand appears to have the characteristics of Southern Hemisphere 14 C. This supports our previous finding that Thailand was strongly influenced by the entrainment of Southern Hemisphere air parcels in the southwest Asian monsoon (Hua et al. 2004). For Thailand, this effect is much stronger than the reduction of atmospheric 14 C in association with CO 2 outgassing in the northern Indian Ocean.
INTRODUCTION
In previous work on radiocarbon in annual tree rings from Thailand for the period AD 1952 -1975 , we found a large depletion of 14 C for Thailand. This occurred in 1953 and 1954-the period prior to the dominance of bomb 14 C in the atmosphere, which started in 1955. We thought that this depletion over Thailand could be partly due to upwelling in the Indian Ocean between 20°N and 5°S. This region is known for persistent upwelling, with excess partial pressure of CO 2 reaching 30 µatm (Keeling 1968; Takahashi et al. 1997 ) and a low ∆ 14 C level of surface water [~+100‰ for 1977-1978 compared with ~+140‰ at 30°S (Stuiver and Östlund 1983) ; -50‰ to -85‰ for 19th to early 20th centuries derived from carbonate samples growing in the surface ocean (Dutta et al. 2001; Southon et al. 2002) ]. This upwelling activity might provide a regional source of 14 C-depleted CO 2 , which mixes with atmospheric CO 2 and is transported over Thailand by the annual southwest monsoon. This phenomenon, a decrease of regional atmospheric 14 C in association with the upwelling activity of the oceans, is known for the North Pacific Ocean off the coast of Washington State (Damon et al. 1989 ).
In the present paper, we present a further investigation of this phenomenon for the period AD 1938-1951, using the same Pinus kesiya tree grown in northwestern Thailand (19°N, 99°E) . These data are needed for a better evaluation of the above hypothesis-a possible regional reduction of atmospheric 14 C in association with upwelling in the northern Indian Ocean.
SAMPLE DESCRIPTION AND AMS 14 C ANALYSIS
The same section of Pinus kesiya (DIK 235/1) which was employed for examining atmospheric 14 C over Thailand for the bomb pulse period was used for this study. The cross-section DIK 235/1 with clear annual ring structure and secure cross-dating from AD 1916-1994 is shown in Figure 1 . The 1994 ring is incomplete because the tree fell in the middle of the growing season. The outer rings, from AD 1944 onwards, are entirely sapwood and typically 2 mm wide. The sample location was Doi Inthanon National Park in northwestern Thailand at 19°N, 99°E. The site is 1000 m above mean sea level.
Pinus kesiya is one of very few tree species in the tropics with a clear annual ring structure. It has recently been used for dendroclimatic research due to strong cross-dating between trees from various sites in different regions in Thailand, including Doi Inthanon (Buckley et al. 1995; D'Arrigo et al. 1997 ). Moisture and temperature are 2 key parameters for the growth of Pinus kesiya. During the growing season (the rainy months from May to October), the air mass over the sampling site is from the Indian Ocean carried by the southwest Asian monsoon (Nieuwolt 1978) .
Fourteen samples of single tree rings from 1938-1951 were prepared for AMS 14 C analysis following the protocols developed by Hua et al. (1999) . The samples were pretreated to alpha-cellulose using the method described in Hua et al. (2000) . The pretreated material was combusted to CO 2 , then converted to graphite using methods described in Hua et al. (2001) . AMS 14 C measurements were performed using the ANTARES facility at ANSTO Fink et al. 2004 ) with a precision of 0.25-0.3%. The 14 C/ 13 C ratio of each sample was measured relative to the NIST standard of oxalic acid I (HOxI; Stuiver 1983) . The ∆ 14 C of each sample was calculated after correcting for (i) backgrounds (accelerator and chemistry), (ii) isotopic fractionation using measured δ 13 C, and (iii) radioactive decay of both sample and standard. In addition, 2 annual rings, 1953-1954, which had been analyzed previously , were re-sampled and measured for this study (see below).
AMS RESULTS AND DISCUSSION
The AMS 14 C results for Thailand for 1938-1951 expressed in ∆ 14 C are presented in Table 1 and illustrated in Figure 2 . ∆ 14 C values for Arizona (32°N, 111°W; Damon et al. 1989) and Washington (48°N, 124°W; for the same period are also plotted in Figure 2 for comparison.
14 C offsets between Thailand and northern temperate regions for AD 1938-1951 are shown in Table 2 . The difference between Washington and Thailand is -0.7 ± 0.9‰ (Thailand is higher). The offset between Arizona and Thailand is 2.4 ± 0.8‰ (Thailand is lower). Note that when compared with Washington (1981 data; Stuiver and Quay 1981) , Arizona is ~2.5‰ higher for AD Figure 1 Cross-section of Thai Pinus kesiya DIK 235/1 with rings from AD 1916 to 1994, from which a sub-section was used for AMS 14 C analysis. [1938] [1939] [1940] [1941] [1942] [1943] [1944] [1945] [1946] [1947] [1948] [1949] [1950] [1951] [1952] [1953] [1954] (from this study compared with data for Arizona (Damon et al. 1989) , Washington , and Chile (5-ring samples; McCormac et al. 2002 McCormac et al. ). 1938 McCormac et al. 1940 McCormac et al. 1942 McCormac et al. 1944 McCormac et al. 1946 McCormac et al. 1948 McCormac et al. 1950 McCormac et al. 1952 McCormac et al. 1954 Year (AD) (Damon et al. 1989 ). This offset becomes 3.4 ± 0.5‰ when ∆ 14 C values for Arizona are compared to the revised Washington data ). The depletion of Washington (relative to Arizona) for AD 1930-1954 was thought to be due to the oceanic upwelling of the North Pacific Ocean off the coast of Washington State (Damon et al. 1989) . The results of this study show that on average, ∆ 14 C data for Thailand are not lower than those for Washington for AD 1938-1951 (see Table 2 ). This may imply a no-greater upwelling effect for the northern Indian Ocean (if it exists) compared to that for the North Pacific Ocean off the coast of Washington (see discussion below).
These AMS results for Thailand, which do not show further evidence of intermittent strong upwelling, led us to reexamine the 1953 and 1954 data points. Accordingly, these 2 rings were resampled from the same Pinus kesiya section (DIK 235/1), pretreated to alpha-cellulose, and measured by AMS 14 C. The ∆ 14 C values of the new measurements, which are also presented in Table 1 , are -23.5 ± 3.5‰ and -26.8 ± 3.9‰ for 1953 and 1954, respectively. The new results (OZD108U2 and OZD109U2; Table 1 ) differ significantly from those of the first set (-48.5 ± 5.7‰ and -40.8 ± 5.5‰ for 1953 and 1954, respectively; Hua et al. 2000) , and show no strong depletion. Given the absence of strong upwelling for the extended period 1938 to 1951 and a subsequent critical evaluation of the concept and likely extent of possible old CO 2 effects downwind of oceanic upwelling localities (Manning et al. 2002) , the repeat measurements of the 1953 and 1954 Pinus kesiya rings are preferably accepted. Possible reasons for the divergence in the first set of measurements include accidental contamination in the pretreatment and target preparation, and the result of some instability in the measurement system and the accelerator. Before the strongly negative ∆ 14 C values were published, 2 additional graphite targets were prepared from the old pretreated materials of rings 1953 and 1954, and measured by AMS. Results similar to those of the first set of measurements were obtained. This suggests that the divergence in the first set of measurements was due to accidental contamination of the sample in pretreatment. The earlier measurement for AD 1952 (OZD107; Table 1 ) did not appear to be affected and was not repeated.
For the pre-bomb period AD 1938-1954, Thailand is 0.6 ± 0.8‰ higher than Washington and 2.8 ± 0.8‰ lower than Arizona (Table 2 ). Do these offsets imply an oceanic upwelling effect for Thailand similar to that for Washington? In order to answer this question, we have compared published 14 C data from Chile (54°S, 71°W; McCormac et al. 2002) with those for Arizona, Washington, and Thailand. 1938-1954 (17 yr) . We used Arizona data from Damon et al. (1989) and Washington data from .
Sites
Offset relative to Thailand (‰) Periods (AD)
2.4 ± 0.8 2. 8 ± 0.8 1938-1951 1938-1954 Washington (48°N, 124°W) -0.7 ± 0.9 -0.6 ± 0.8 -1951 1938-1954 northern temperate and tropical sites. These calculated 5-ring ∆ 14 C data and measured ∆ 14 C values for Chile are presented in Table 3 . Although 5-ring ∆ 14 C values calculated from 5 annual measurements and measured ∆ 14 C values from 5-ring samples are not necessarily identical, the comparison of Arizona, Washington, and Thailand with Chile in Table 3 can give some qualitative indications of their offsets. 14 C offsets between northern temperate and tropical regions, and Chile for [1940] [1941] [1942] [1943] [1944] [1945] [1946] [1947] [1948] [1949] [1950] [1951] [1952] [1953] [1954] , are shown in Table 4 . Figure 3 shows temporal variations in atmospheric ∆ 14 C for Washington, Thailand, and Chile for the period AD 1600-1954. Washington data are from single-ring samples for 1600-1954 from . Thai data are from decadal samples for 1620-1780 (Hua et al. 2004 ) and from annual samples for 1938-1954 (this study) . Meanwhile, data for Chile are derived from 1-to 5-ring samples for 1670 -1954 (McCormac et al. 2002 . On average, up to AD 1915, the Washington-Chile offset in 14 C is positive due to a stronger air-sea exchange of CO 2 in the Southern Hemisphere causing more 14 C-depleted CO 2 from the ocean to enter the southern atmosphere compared to the northern (Lerman et al. 1970; McCormac et al. 1998 ). This north-south offset, however, is significantly reduced and becomes negative after 1915 due to the influence of anthropogenic CO 2 free of 14 C entering the atmosphere predominantly in the Northern Hemisphere since the Industrial Revolution (the Suess effect; Suess 1955). The differences between Washington and Chile are 4.9 ± 0.2‰ and -1.8 ± 0.7‰ for AD 1670-1915 and 1916-1954, respectively (Table 5) . For AD 1940 -1954 , a period in which Northern Hemispheric air is strongly influenced by anthropogenic CO 2 , the Washington-Chile offset is strongly negative (-3.1 ± 1.1‰, Table 4 ). The Thailand-Chile offset for AD 1940-1954 is also negative (-1.9 ± 1.3‰; Table 4 ). This leaves a -1.2 ± 1.7‰ difference between Washington and Thailand with Thailand higher for 1940-1954. The WashingtonThailand offset follows the trend of the inter-hemispheric offset (Washington-Chile), as it is 2.4 ± 0.7‰ for 1620-1780 (Hua et al. 2004) , then decreases and reverses to about -1.2 ± 1.7‰ for 1940-1954 (see Figure 3) . These results indicate that Thailand follows the trend of the Southern Hemisphere. This supports our previous interpretation that during the latter part of the Little Ice Age a Calculated from annual data of Damon et al. (1989) .
1938

Washington b 48°N, 124°W
b Calculated from annual data of .
Thailand c 19°N, 99°E
c Calculated from annual data of this study .
Chile d 54°S, 71°W
d Data reported for 5-ring samples (McCormac et al. 2002 (McCormac et al. ). 1940 (McCormac et al. -1944 (McCormac et al. -19.0 ± 0.6 -22.3 ± 0.6 -19.0 ± 1.3 -19.1 ± 1.7 1945 (McCormac et al. -1949 .0 ± 0.9 e e Estimated from 4 annual data (1945 and 1947-1949) as no data available for 1946.
-22.0 ± 1.2 -20.0 ± 1. 8 1950-1954 -20.6 ± 0.7 -25.1 ± 0.8 -25 .9 ± 1.3 -22.1 ± 1.8 Table 4 14 C offsets between northern temperate and tropical regions, and Chile (54°S, 71°W) for AD 1940-1954.
Sites
Offset relative to Chile (‰) Arizona (32°N, 111°W) 0.6 ± 1.1 Washington (48°N, 124°W) -3.1 ± 1.1 Thailand (19°N, 99°N) -1.9 ± 1.3 (LIA), the air mass in Thailand during the growing season of tree rings was strongly influenced by the entrainment of Southern Hemisphere air parcels during the southwest Asian monsoon, when the Inter-Tropical Convergence Zone moves to the north of our sampling site (Hua et al. 2004 ). This implies that for Thailand, the effect of regional oceanic upwelling in the northern Indian Ocean must be small compared to the influence of Southern Hemisphere air during the southwest monsoon.
CONCLUSION
Seventeen annual tree rings from Thailand from AD 1938-1954 have now been analyzed by AMS. The results showed no significant depletion in 14 C over Thailand during the pre-bomb period, even though the air mass to Thailand during the growing season of tree rings is transported over a potentially significant source of oceanic 14 C-depleted CO 2 , outgassing in the northern Indian Ocean. and measured n-ring ∆ 14 C values from Chile (McCormac et al. 2002) . Note that n varies from 1 to 5. Anthropogenic CO 2 free of 14 C has been introduced to the atmosphere due to the combustion of fossil fuel and land clearing, predominantly in the Northern Hemisphere, since the Industrial Revolution. As a result, the Washington-Chile offset was positive for 1670-1915, then decreased and became negative for . The Washington-Thailand offset follows that trend as the offset becomes smaller and reverses to a negative value (-1.2 ± 1.7‰) for 1940-1954 from a measured value of 2.4 ± 0.7‰ for AD 1620-1780. These results indicate that Thailand has the characteristic of Southern Hemisphere 14 C and, hence, support our interpretation that Thailand was strongly influenced by the entrainment of Southern Hemisphere air parcels in the southwest Asian monsoon during the latter part of the LIA (Hua et al. 2004 ) and the pre-bomb period, AD 1938 AD -1954 . These results also imply that the effect of the reduction of atmospheric 14 C over Thailand in association with upwelling in the northern Indian Ocean must be small compared to the influence of Southern Hemisphere air over Thailand during the southwest monsoon.
